Different types of high energy hard probes are used to extract the jet transport properties of the Quark-Gluon Plasma created in heavy-ion collisions, of which the heavy boson tagged jets are undoubtedly the most sophisticated due to its clean decay signature and production mechanism. In this study, we used the resummation improved pQCD approach with high order correction in the hard factor to calculate the momentum ratio xJ distributions of Z and Higgs(H) tagged jets. We found that the formalism can provide a good description of the 5.02 TeV pp data. Using the BDMPS energy loss formalism, along with the OSU 2+1D hydro to simulate the effect of the medium, we extracted the value of the jet transport coefficient to be aroundq0 = 4 ∼ 8 GeV 2 /f m by comparing with the Z+jet P bP b experimental data. The H+jet xJ distribution were calculated in a similar manner in contrast and found to have a stronger Sudakov effect as compared with the Z+jet distribution. This study uses a clean color-neutral boson as trigger to study the jet quenching effect and serves as a complimentary method in the extraction of the QGP's transport coefficient in high energy nuclear collisions.
I. INTRODUCTION
The creation of the Quark-Gluon Plasma (QGP) is one of the most important discoveries by the Large Hadron Collider (LHC) [1] and the Relativistic Heavy-Ion Collider (RHIC) [2] in recent high-energy collision experiments. Its physical properties, which exhibits almost perfect fluidity and color opaqueness, could be related to the formation and evolution of our early universe. A large portion of the community effort is devoted to the study of the QGP's transport properties through the use of hard probes. Since energetic partonic jets will loss energy due to medium induced radiations, and gets knocked around via multiple elastic scatterings when traversing the hot and dense medium [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , a single parameter known as the jet transport coefficient (q) [13] [14] [15] is used to encapsulate this so-called Jet Quenching phenomena [16] , which is both the effect of jet energy loss, and transverse momentum broadening and is defined as the transverse momentum square transfer per unit length. Efforts have been made to quantitatively extract this parameter that reflects the transport properties of the QGP, notably the JET collaboration by utilizing the nuclear modifications (R AA ) of single hadron yield suppressions with different energy loss models at various temperatures [17] . This has sparked a community wide movement in the quantitative extraction of theq variable.
It is well-known that there are two simple observables which best describe the jet quenching effect, namely the jet azimuthal angular correlation (∆φ J = |φ jet −φ trigger |) for the transverse momentum broadening effect, and the jet momentum fraction distribution (x J = P jet ⊥ /P trigger ⊥ ) for the medium induced energy loss effect. Both of which are widely used in phenomenological studies for their simplicity in calculation and measurement, and their direct relations to the transport coefficient. However, due to the nature of these two observables and its capability in describing sensitive effects, both theory and experiment have faced challenges in accurately calculating their distributions.
In the language of perturbative QCD theory [18] [19] [20] [21] [22] , both ∆φ J and x J distribution is expected to have a delta function at ∆φ J = π and at x J = 1 in the leadingorder α s expansion. This corresponds to the back-toback configuration of the scattering, where the diverging behaviour is a direct consequence of the transverse momentum conservation, and it will eventually propagate to even higher orders of the perturbative series. Unfortunately, these are the regions of the distribution that is essential in theq extraction and it is imperative to employ an all order resummation to deal with these singular behaviours and setup a pp baseline before using it to calculate the transport parameter. Recent developments on the Sudakov resummation formalism [23] [24] [25] [26] [27] [28] [29] have demonstrated a reliable description of the experimental data in the limits of these extreme kinematic regions where pQCD would diverge. However, resummation alone is not sufficient in describing the entire regions of the phasespace especially in places where hard partonic splitting takes dominance. To overcome this challenge, one would require a clever technique to incorporate both pQCD and resummation formalisms in order to provide a better description of the experimental data.
In our previous studies [30, 31] , a resummation improved perturbative QCD approach was developed by utilizing both pQCD and resummation formalism to effectively calculate dijet momentum imbalance distribu-arXiv:2001.07606v1 [hep-ph] 21 Jan 2020 tion for the numerical extraction of the transport coefficient. However, with the large error bands in our theoretical calculations, we are faced with another challenge, which is the uncertainties that comes when both outgoing jets gets quenched. The cross-section does not discriminate the species of the jets, where in fact quark and gluon jets quench differently by their color factor, and we can only assume that all jets are either quarks or gluons in our calculation. To encounter this, we fixed one of the outgoing particle by using the gamma-jet correlation [32] , whereby the color neutral photon does not participate in any medium interactions, and thus the simple crosssection allows us to implement different quenching factors for individual quarks and gluons species.
Even so, experimental uncertainties showed that photons suffer heavy contaminations from sources such as initial state, fragmentation and thermal radiations which makes it very difficult to isolate the photon that is coming from the actual hard scattering. Furthermore, experimental measurements suffer from detector effects that causes bin migration in the x J distribution and other P ⊥ (E ⊥ ) sensitive observables, which needs to be taken into account before a direct comparison between theoretical calculation and experimental measurements can take place.
In this study, we use heavy neutral boson B(Z, H) as trigger, correlating with an associate jet as probe to extract the transport coefficientq, with main focus on Z+jet correlation. Similar to the photon-jet correlations, the weak Z boson does not interact strongly with the QCD medium, and with its life time much longer than that of the QGP produced in current accelerators, the Z boson preserves the momentum informations of the away-side jets before getting quenched. In contrast, it is produced almost entirely from hard scatterings due to its heavy mass, and with its clean dileptonic decay signatures, it could be regarded as the standard candle in high energy collisions. It is worth mentioning that the current study is complementary to those based on the use of Monte-Carlo event generators [33] [34] [35] [36] , which matches hard matrix-element to parton showers that mimics the effect of multiple soft radiations. In the limit of infinite branching, parton shower should be equivalent to the framework of resummation. Although its production yield is suppress by its heavy mass, the era of the LHC has provided rich statistics for us to utilize this golden probe in the study of heavy-ion physics.
II. RESUMMATION FORMALISM
We begin by stating that the genesis of the singularity aforementioned occurs from the scale hierarchy of Q 2 q 2 ⊥ in which Q 2 is the hard scale and q ⊥ the transverse momentum imbalance of the scattering system defined as q ⊥ ≡ P B⊥ + P J⊥ . A typical configuration puts Q 2 of the order of the jet momentum, and q ⊥ the overall transverse momentum kick of the soft radiations. At the LHC, the above configuration can have large logarithmic terms in the form of α n s ln 2n−1 (Q 2 /q 2 ⊥ ) known as the Sudakov double logarithms, which will appear in every order of the conventional perturbative QCD calculations in the α s expansion. Thus, critical phase space regions like ∆φ J distributions near π, or back-to-back x J distributions near 1 would fail to converge. This calls for a resummation technique that could effectively resum multiple vacuum soft gluon emissions which contribute to the overall q ⊥ kick.
The q ⊥ resummation technique was originally developed in the Drell-Yan framework for heavy boson production [38] [39] [40] , and recent studies have extended it to include jets in the final state. This includes Dijet production [26, 27] , Higgs+jet production [41, 42] , and Z+jet production [43] . In this study, both Z+jet and H+jet resummation up to 1-loop order will be used for analysis. The multi-differential all-order resummation cross-section for the p+p → B(P B )+Jet(P J )+X process is given as [43] :
Here y B and y J are the rapidities of the heavy boson and jet respectively. P B⊥ and P J⊥ are the boson and jet's transverse momentum. σ 0 is the normalization factor for the particular pp → B +jet process. The auxiliary b ⊥ -space integral guarantees transverse momentum conservation of the radiated gluons. With W -term the all order resummation term and Y -term the fixed order correction term. In this study, we will neglect the contribution of the Y -term with reasons to be explain later. In the W -term, x 1,2 = (Q B e ±y B + Q J e ±y J )/ √ S denotes the momentum fraction of the incoming parton from its parent hadron, with Q 2 B = m 2 B + P 2 B⊥ and Q 2 J = P 2 J⊥ the boson and jet transverse scale respectively, while √ S denotes the usual collision energy in the Center-of-Mass frame. f a,b are the parton distribution functions (PDFs) of the incoming parton species a and b. The factorized hard part is represented through the hard factor (H), while the soft part is captured by the Sudakov factor (S Sud ).
The 1-loop order standard Sudakov form factor is expressed as follows [43] : where the integral solves the energy evolution of the soft factor from the factorization scale µ fac to the resummation scale µ res . The A and B 1 terms reflects the color exchanges between the incoming partons, thus will depend only on the incoming parton species. An additional B 2 term is included in contrast to Drell-Yan processes that reflects the color interactions between the incoming partons and the outgoing quark jet. The D term takes care of the soft radiations outside of the jet with cone size R.
We summarize these perturbatively calculable terms in Table I , with coefficients K = 67
found in the reference [44] [45] [46] . The Mandelstam variables are defined in the usual manner, and can be simplify to the following for the above processes:
One must sum the corresponding A and B terms for both incoming parton species and choose D for the corresponding jet species. Note that the strong coupling α s (µ) runs in the above dµ integral. In our numerical calculation, the Sudakov integral is solved exactly with the 2-loop running coupling which includes both b 0 and b 1 terms. To prevent the b ⊥ integral from hitting the non-perturbative region q 2
and an additional non-perturbative expo-nent in the form:
where g 1 = 0.212, g 2 = 0.84 and Q 2 0 = 2.4 GeV 2 are values fitted phenomenologically in the reference [50] .
We first consider the two leading-order diagrams of the Z+jet production in Fig. 1 The normalization factor for this process is [43] :
where the Z to quark coupling is represented through the vector and axial-vector gauge couplings [52] :
sin 2 θ W the weak gauge coupling and θ W the weak Weinberg angle. Here, cos 2 θ W = m 2 W /m 2 Z , Q q is the quark electric charge and τ q 3 the third component of the quark weak isospin.
The hard factor can be expanded in a perturbative series:
for the→ Zg channel, the leading and one-loop order hard factors are as follows [43] :
In the above hard factors, Li 2 (z) denotes the dilogarithm (Spence's) function, and µ ren is the renormalization factor. Note that the gluon(C A ) term is dependent on the jet parameter indicating a final state gluon jet. Similarly for the qg → Zq channel, we have the corresponding leading and one-loop hard factors [43] :
We then consider the leading dominant channels of H+jet production in The normalization factor for this process is [42] :
where G F is the Fermi constant. The Higgs are produced through the top quark loop, and the heavy top mass limit is applied to describe the effective coupling between quarks and the SM Higgs. The leading order hard factor is expressed as [42] :
with the one-loop order hard factor as follows: We note in Fig. 3 that three distinct scales are involved in this formalism. The factorization scale µ fac appearing in the PDF is fixed at µ fac = b 0 /b * . The renormalization scale µ ren that appears in σ 0 is taken to be µ ren = H T = Q B + Q J . Since a reliable theory should be insensitive to the choice of the renormalization scale, we varied this by a factor of 2 ±1 and found little difference numerically. There is a freedom of choice for the resummation scale that varies between the two fixed scales to control the evolution of the soft and hard part simultaneously. However, the choice of the resummation scale is not trivial, since it enters the hard factor via double logarithmic terms(ln 2 (µ res /P 2 J⊥ )). In order to minimise the contributions from these possible large logs, we will set the resummation scale to µ res = P J⊥ [42] .
In the calculation above, the familiar color factors are used:
with the values of the boson masses(m Z , m W , m H ) and the Fermi-coupling constant(G F ) taken from PDG [53] .
III. VACUUM AND SMEARING
Assuming the absence of medium effects in hadronhadron collisions, we now have an all-order resummed calculation up to one-loop order that is best at describing near back-to-back events in pp collisions corresponding to data near π in the ∆φ J distributions, and good descriptions of several experimental data were achieved at various collision energies ranging from 1.8 TeV [54, 55] to 8 TeV [56, 57] . However, our previous investigations have shown that the ∆φ J distribution is great for observing the medium induced broadening effect only at lower kinematic regimes such as RHIC, due to the fact that medium broadening effects were dwarfed by the overwhelming vacuum Sudakov broadening at the LHC energy. This shifts our attention to the more sophisticated x J variable.
We begin first with the analysis on the strength of the Sudakov effect by plotting the q ⊥ distribution for both Z and Higgs plus a jet production shown in Fig. 4 . One would expect perturbative calculations to diverge as q ⊥ approaches 0 due to transverse momentum conservation. We see that the Higgs+jet correlation indicated by the dashdotted line has a broader spectrum than that of Z+jet correlations indicated by the solid line. We know that Higgs has a higher mass and is dominated by gg channel, where Z+jet production is dominated by qg channel, and as a result, Higgs is shown to have a stronger Sudakov effect than Z. This tells us that Higgs has a higher tendency of radiating soft gluons that contributes to higher overall q ⊥ than Z. By varying the renormalization scale with a factor of 2 ±1 , we see that Z is less scale sensitive than H indicating that higher order calculations for the H+jet process is needed for precision measurements.
Unlike the ∆φ J distribution where we can approximate sections of the spectrum near π to be dominated by backto-back processes, the spectrum of the x J distribution is superpositioned by different processes that one would require both resummation and perturbative calculation in order to have a good description of the entire region of the distribution. And the method that we employed is the so-called resummation improved pQCD approach where the switching between the two formalisms is determined by a φ m cut on ∆φ J , in which the position of φ m is the intersection of the two calculations. This is demonstrated in the following equation:
Note that in the language of pQCD, leading-order total cross-section which evaluates 2-to-2 subprocesses, corresponds to the trivial order in ∆φ differential crosssection. Thus the next-to-leading-order calculations which evaluates 2-to-3 subprocesses corresponds to ∆φ distributions at leading-order(LO) shown in the plots.
We then plotted the resummed and perturbative calculations for the azimuthal distribution, both Z(solid and dashed line) and H(dashdotted and dotted line) plus a jet production shown in Fig. 5 at 5.02 TeV in comparison with the available experimental data from CMS [59] . Clearly the perturbative calculation will diverge near ∆φ J ≈ π and we see that the resummed calculation has a better description of the experimental data in this region. Also, by merging the LO perturbative calculations with the resummed results, the choice of the φ m switch can be placed in the vicinity of 7π/8 for Z+jet, and 6π/8 for H+jet. This also the evidence that soft radiations from Higgs+jet processes with a stronger Sudakov effects will lead to a broader spectrum and a larger region of the back-to-back azimuthal distribution not being able to describe by perturbative calculation.
To illustrate that the resummation cross-section gives dominating yield for the x JZ distribution, we plotted in Fig. 6 the resummed results for Z+jet(solid line) and H+jet(dashdotted) along with the smeared distribution for Z+jet(dashed line). As mentioned before, Higgs with stronger soft radiations will result larger imbalance in the momentum ratio than Z, thus the broader spectrum. We note that the x J distribution of γ+jet correlations [32] has a clear small x J shoulder due to the contribution of higher order hard splittings which must be evaluate using perturbative calculations. However in this plot, only a back-to-back peak with a Sudakov tail is visible. This tells us that events in this region(7π/8 < ∆φ < π) are mostly back-to-back and we can approximate their distribution with resummation, which is also the reason why we have dropped the contribution of the Y -term in Eq. 1.
As mentioned before in our previous studies, a smearing function is to be introduced to convolute with our calculation. The reason for this is that, unlike the ∆φ distribution which measures only the position of the out- going particles, the x JZ distribution measures the energy deposits of the outgoing jet of hadrons and a pair of dilepton decays from Z. The mis-measurement of the transverse energy deposited in the calorimeter can cause momentum bin migration of the measured particles. This poses a great challenge for the detector itself and the response effect is known to smear out sharp symmetric distributions. In this study, we use a Gaussian form smearing function with meanr = 0.92 and width σ = 0.20 to smear our final cross-section as shown below:
We remind readers that a simple Gaussian smearing function only approximates the effect of detector response, and serves only as a comparative reference between theoretical calculation and experimental measurement. Since this response is difficult to disentangle, a proper way to compare between theory and experiment results is by using corrected data through the so-called unfolding process. This can be done when future unfolded data is available, and the current theoretical calculation will serve as a benchmark for comparison.
Note that there is a shift of the distribution peak towards small x JZ , besides from the effect of the smearing function that we have implemented, the shift is also caused by the asymmetry in the transverse momentum cuts of the boson and the jet that rejected some events with large x J⊥ .
IV. MEDIUM AND QUENCHING
We now have a solid theoretical framework for calculating differential cross-sections of heavy boson tagged jets in pp collisions, and we have also fixed our smearing parameter by comparing with existing experimental data. We can now include the effect of the QGP medium by employing the BDMPS [4] [5] [6] [7] energy-loss formalism represented as follows:
where D( ) is the radiation probability as a function of the radiated energy . With α ≡ 2αs(µ 2 ren )C R π for quark (C R = C F ) and gluon(C R = C A ) jets. The characteristic gluon radiation frequency(ω c ) is related to the transport coefficient through the following:
whereq 0 is the quark jet transport coefficient at the center of the fireball at proper time τ = τ 0 , and T 0 = T (0, 0, τ 0 ). Here we assume a simple temperature scaling of the transport coefficient/T 3 =q 0 /T 3 0 , and q R =,q g is the quenching parameter of the jet with the corresponding species.
As in our previous studies, we employed OSU 2+1D VISH code [60, 61] to simulate the space-time evolution of the medium and, using its temperature profile, generate the radiation frequency ω c profile as a function of transverse position of the scattering and orientation of the jet as depicted in Fig. 7 . Substituting this radiation probability with the corresponding color factors for the different species of the outgoing jet, a final integration over the geometry is performed to give the quenched result: where T AB is the overlap normalization factor such that dxdydψ T AB (x,y) 2π = 1, with P J⊥ the partonic jet transverse momentum, and P J⊥ the observed(quenched) jet p T .
The broadening effect of the medium also enters the Sudakov factor in an elegant form due to the fact that the vacuum radiations and medium effects contributes differently to the transverse momentum broadening in a well-separated regions of their phase space integral [28, 29] given as follows:
where the contributions from the vacuum and medium were effectively factorized. We then plotted the momentum imbalance (x JZ ) distribution in Fig. 8 for both the pp and central P bP b at 0-30% indicated by dashed and dotted lines respectively using the resummation formalism developed above. The results were compared to the CMS [59] experimental data and both pp and AA distributions were normalized to unity. Comparing nucleus-nucleus with nucleonnucleon collisions, we see a shift of the distribution peak towards small x JZ both data and calculation indicating a clear sign of jet quenching due to the fact that jets loss energy when traversing through the QGP while the neutral boson remains the same, resulting a decrease in their ratio. We found good agreement with the experimental data by setting the parameters witĥ q 0 = 4 ∼ 8 GeV 2 /f m normalized to their central value from our previous studies. By analysis, D( ) is similar to a memoryless exponential(Poisson) distribution, and peaks around = 5 ∼ 10 GeV with the above setting, this agrees with the soft gluon approximation used by the BDMPS formalism.
We note that the calculation can be further improve by including the contribution of the Y -term, or shift φ m towards π to included higher order perturbative contribution that would otherwise raise the yield at small x J region. However, as demonstration, this study shows that resummation alone with certain kinematic selection could also provide good description to the experimental data, and we shall have a detail analysis on the effect of the additional Y -term or pQCD in our next study.
In Fig. 9 , we provide a projection of the normalized unfolded x JZ distribution for both pp and P bP b collisions at 5.02 TeV in three P Z⊥ ranges, which can help us narrow down the uncertainty and extract a more precise value of the transport coefficient. The sharp peak at x J = 1 corresponds directly to the back-to-back configuration due to the transverse momentum conservation, while the sharp drop at small x JZ corresponds to an implicit topological constrain. The small tail at the region x JZ > 1 as compared to the small x JZ shoulder suggest that the momentum of the boson is almost always larger than its associate jet, indicating that while jets undergo splittings, the boson remains inert. This shows that the boson is a good probe to calibrate the momentum of the jet, and higher order splittings will contribute more at small x JZ than large x JZ . Because the AA distribution are normalized to their corresponding pp counterparts, we see a clear suppression of the overall distribution due to the loss of yield when jets loss enough energy to drop out of the kinematic cut, which also results in an overall shift to small x J . Note that the right panel are Z bosons with higher P Z⊥ corresponds to high P J⊥ jets by transverse momentum conservation. This means that quenching will result in less suppression and the AA distribution will likely stay in shape as compared with panels on the left.
We then apply similar technique to the H+jet production assuming a future high luminosity upgrade to the LHC is available for statistical analysis. Using similar kinematic constrains and smearing parameters as Zjet production, we see that H+jet production follows a very similar trend to Z+jet production shown in Fig. 10 . Such that the AA(dashdotted) distribution as compared to pp(solid) will be suppresses due to quenching and the suppression will be significant at smaller P H⊥ . While the smeared distribution for pp(dashed) and AA(dotted) will give a smeared peak with a shift due to kinematic cuts. But because of the fact that Higgs have a stronger Sudakov effect previously shown, the large q ⊥ suppressed the P ⊥ of the associate jet, shifting the overall distribution towards smaller x J , resulting in a broader peak at x J = 1.
V. CONCLUSION
Using the small q ⊥ resummation formalism, we have calculated the cross-section differential in q ⊥ , ∆φ and x J for both Z and Higgs boson plus a Jet processes. We found that resummation alone is sufficient in the description of the x JZ distribution given the range of data selection, we then fixed the pp baseline by comparing our theoretical results with the current Z+jet experimental data while fitting the smearing parameters. Then by the use of a hydro simulated profile and the BDMPS formalism, we plotted the quenched result with different q 0 values in comparison with the AA experimental data and found that it ranges aroundq 0 = 4 ∼ 8 GeV 2 /f m. This agrees with our previous prediction of the γ-jet correlation and agrees also with other Monte-Carlo based energy-loss formalisms. We then provided a prediction of the unsmeared x JZ distribution and also x JH distributions for comparison to future experimental data. As a final remark, heavy boson tagged jets is an important high energy hard probe that could provide profound precision and great insights in the extraction of the transport coefficient of QGP. 
